Supramolecular nanostructures with biological information are highly promising for learning structure--function relationships in biology and for the development of materials for medicine. One example is the use of self-assembled nanostructures that mimic the extracellular matrix (ECM) and display biological signals to instruct cell behavior. In this context, there is a need for strategies to create nanostructures that are structurally programmable and easily modified with signaling components. DNA has emerged as one of the most promising building blocks for nanoscale assemblies due to the highly predictable nature of Watson--Crick base pairing, enabling the formation of nanostructures with immense shape diversity.^[@ref1],[@ref2]^ These advantages allow for unprecedented control of nanoscale architecture through design of appropriate DNA sequences, including one-,^[@ref3]−[@ref5]^ two-,^[@ref6]^ and three-^[@ref7]^ dimensional structures, and highly complex objects such as those exemplified by DNA origami.^[@ref8]−[@ref10]^ The defined molecular dimensions of DNA enable the site-specific arrangement of different components such as nanoparticles^[@ref11]^ and proteins^[@ref12]^ with nanometer precision. In the context of biomedicine, a number of reports have demonstrated the potential of DNA for disease diagnosis and treatment, especially in the areas of biosensing, vaccine development, and drug delivery.^[@ref13]−[@ref18]^

An area that has been only scarcely explored is the use of DNA nanostructures as artificial scaffolds to control cell behavior. One previous notable example is the use of DNA ribbons coated on a glass substrate and subsequently conjugated to domains of the extracellular matrix protein, fibronectin, to promote cell adhesion and control cell morphology.^[@ref19]^ Several other reports describe the use of reversible DNA hydrogels to encapsulate and release cells.^[@ref20],[@ref21]^ However, the integration of DNA nanotechnology with bioactive peptides in systems that could impact regenerative medicine has been a major gap in the field.

Nanostructures utilizing peptides as building blocks^[@ref22]^ have been extensively studied in the context of regenerative medicine. In particular, peptide amphiphiles (PAs), a class of molecules in which a peptide sequence is conjugated to a hydrophobic segment,^[@ref23]^ are known to form high aspect ratio nanofibers that emulate components of the mammalian ECM and direct processes as complex as neural stem cell differentiation,^[@ref24]^ angiogenesis,^[@ref25],[@ref26]^ bone^[@ref27],[@ref28]^ and cartilage regeneration,^[@ref29]^ among others. Despite the many advantages of self-assembling peptide-based materials, several limitations remain. Because the peptide sequence contains both the self-assembling motif and the relevant biological epitope, the bioactive cues (especially those that differ in size or charge) can potentially influence the self-assembly process, making it difficult to predict the exact nanostructure that will be formed. In addition, it is challenging to present, through self-assembly, multiple epitopes with nanoscale spatial control. In this work, we report on the coassembly of DNA and peptide-DNA hybrid molecules to simultaneously define architecture and bioactivity. The co-assemblies investigated formed nanotubes capable of guiding the differentiation of neural stem cells into neurons

We chose a DNA design that resembles the high aspect ratio PA nanofibers, since these are well-known to be effective as ECM mimics for regenerative medicine. We therefore adapted for our system a DNA nanotube design, first reported by Rothemund et al.,^[@ref3]^ and further developed by others.^[@ref30],[@ref31]^ The starting design for the nanotubes, adapted from ref ([@ref31])., is shown in Figure [1](#fig1){ref-type="fig"}. It consists of five DNA strands (denoted s1--5) that self-assemble into a two-dimensional "tile" consisting of two parallel DNA helices (Figure [1](#fig1){ref-type="fig"}a). The design contains two points where the strands cross over from one helix to the next in an antiparallel fashion, resulting in a "double-crossover" tile. The edges of the tile contain short single-stranded DNA segments that direct the assembly of the tile into a two-dimensional lattice; however, due to the design of the tile and helical properties of DNA,^[@ref3]^ this lattice curves and forms a closed nanotube structure (Figure [1](#fig1){ref-type="fig"}c,d). These nanotubes generally consist of 7--10 tiles in circumference, corresponding to a diameter of 14--20 nm, and can reach many microns in length.

![Design of the DNA nanotubes. (a) Five strands (labeled s1--5) self-assemble to form a double-crossover tile, approximately 14 nm in length and 4 nm in width. Arrows are drawn from the 5′ to 3′ ends of the DNA strand. (b) Breaking s1 into two strands (s1a and s1b) and modifying s1a with the peptide sequence RGDS allows for display of the epitope from the tube surface. The location of the break point was chosen based on previous reports to allow the peptide to extend outward from the tube surface. (c) Illustration of the assembled RGDS-modified nanotubes, demonstrating the relative arrangement of the tiles and the relative size of the peptide compared to the DNA. The tiles are identical but are shaded differently for contrast. Unmodified nanotubes are the same but without the peptide attached. (d) Side view of the RGDS-modified nanotubes.](nl-2014-04079q_0002){#fig1}

As originally designed, the nanotubes are composed exclusively of tightly packed double-helical DNA and do not possess any known biological epitopes for cell receptors. In order to endow them with biological activity and use them as substrates for cell attachment and differentiation, we split one of the strands (s1) comprising the tile into two fragments (s1a, s1b) at a location previously shown to extend outward from the tube.^[@ref3],[@ref31]^ We attached a bioactive peptide to the s1a strand (Figure [1](#fig1){ref-type="fig"}b), resulting in nanotubes with one peptide per tile with a periodicity of 14 nm along the tile axis, and 4 nm around its circumference, as shown in Figure [1](#fig1){ref-type="fig"}c,d. The peptide selected was the epitope RGDS derived from fibronectin because of its potent cell-binding activity (via integrin receptors, among others), and its widespread use in biomaterials for the attachment, proliferation, and differentiation of various cell populations.^[@ref32],[@ref33]^

The peptide was conjugated to the DNA strand using the Huisgen 1,3-dipolar cycloaddition reaction between a strained cyclooctyne and an azide, commonly referred to as "copper-free click" (Scheme [1](#sch1){ref-type="scheme"}).^[@ref34],[@ref35]^ This reaction is highly selective for the cyclooctyne and azide functional groups, proceeds quickly and efficiently in water at room temperature and neutral pH, and both the starting materials and products are stable to most storage or reaction conditions. We reacted the 3′-amine-modified s1a DNA **1** with dibenzocyclooctyne-sulfo-*N*-hydroxysuccinimidyl ester (DIBAC-sulfo-NHS, **2**) to generate the s1a-DIBAC conjugate **3**. After removal of excess **2**, we exposed this DNA conjugate to azide-containing peptide F^az^GGRGDS **4** synthesized via solid-phase peptide synthesis, where F^az^ denotes the unnatural amino acid 4-azido-*L*-phenylalanine ([Supporting Information](#notes-1){ref-type="notes"} Figure S1). The resulting s1a-RGDS molecule **5** was isolated by reverse phase high-performance liquid chromatography (HPLC) and obtained as a highly pure conjugate (see [Supporting Information](#notes-1){ref-type="notes"} for detailed synthesis, purification, and characterization of the peptides and peptide-DNA conjugates).

![Synthesis of DNA-Peptide Conjugates](nl-2014-04079q_0007){#sch1}

We first examined whether incorporating the RGDS epitope (a system that we term **RGDS-NT**) would yield nanotubes with the same efficiency as the unmodified system (which we term **bare-NT**). We mixed the constituent strands (s1--5 for **bare-NT**, and s1a-RGDS, s1b, and s2--5 for **RGDS-NT**) at 25 μM each and annealed the solution from 95 to 20 °C over 5 h. After annealing, we examined the resulting structures by cryogenic transmission electron microscopy (cryoTEM), a technique that most accurately represents the native assembly state of structures in solution. It should be noted that in **RGDS-NT**, only strands s1a-RGDS and s1b were added to the annealing mixture but no s1. Thus, all tubes formed must contain the peptide because the structures cannot form in the absence of any single strand. As seen in Figure [2](#fig2){ref-type="fig"}a and [Supporting Information](#notes-1){ref-type="notes"} Figure S3a, the **bare-NT** system formed long tubelike structures ∼15--20 nm in diameter and often many micrometers in length with both the walls and central pore clearly visible. Incorporating the RGDS epitope yielded identical structures (Figure [2](#fig2){ref-type="fig"}b and [Supporting Information](#notes-1){ref-type="notes"} Figure S3b), confirming that the peptide did not affect the nanotube formation. We also examined the samples by conventional TEM, which further supported that the **bare-NT** and **RGDS-NT** systems were indistinguishable ([Supporting Information](#notes-1){ref-type="notes"} Figure S4). On the basis of these investigations, we concluded that splitting s1 into two fragments and attaching the RGDS peptide to s1a does not prevent or perturb the self-assembly of the nanotubes or noticeably decrease their length. Indeed, by looking at Figure [1](#fig1){ref-type="fig"}c it is clear that the peptide is a minor component of the final construct and thus unlikely to present a steric or electrostatic obstacle to the DNA assembly. This ability to control the nanostructure independently of the biological signal is a great advantage of this system and is a challenging task for many alternative peptide only based assemblies, where the epitope is often of comparable or greater size than the self-assembling motif.

![CryoTEM characterization of DNA nanotubes. Both the unmodified, bare DNA (a) and RGDS-modified (b) nanotube systems self-assemble into hollow tube structures approximately 15--20 nm in diameter and microns in length. Scale bars: 100 nm.](nl-2014-04079q_0003){#fig2}

We next investigated whether the RGDS epitope was displayed on the surface of the tubes and therefore available for cell signaling. To investigate the availability of the peptide epitope, we monitored the adhesion of 3T3 fibroblasts on surfaces coated with the DNA tubes. We chose this cell line as a test system due to its well-characterized response to the RGDS peptide, with cells displaying a dramatic increase in attachment and spreading on RGDS-modified surfaces.^[@ref36]^ We modified positively charged surfaces consisting of (3-aminopropyl)triethoxysilane (APTES) coated glass surfaces with the negatively charged **bare-NT** or **RGDS-NT** and allowed the tubes to adhere overnight. Following removal of unbound DNA, fibroblasts were plated on the DNA-coated surfaces; as a control we used DNA-free APTES-modified glass (which we term **ATPES-glass**). After attachment and spreading, the cells were stained to visualize their actin network and allow comparison of their areas. The number of cells and the average cell area were determined using image analysis (see [Supporting Information](#notes-1){ref-type="notes"} for details). As shown in Figure [3](#fig3){ref-type="fig"}, the fibroblasts adhered readily on all three substrates. However, cells on the **RGDS-NT**-coated surface spread more and acquired a polygonal shape, accompanied by bundling of actin filaments. Quantification of the projected cell area demonstrated ∼40% increase in the average cell area on the **RGDS-NT** coating over the **APTES-glass** and **bare-NT**-coated surfaces (2013 ± 151 μm^2^ versus 1408 ± 42 μm^2^ and 1431 ± 72 μm^2^, respectively, Figure [3](#fig3){ref-type="fig"}d). This observation suggests the RGDS epitopes are displayed on the exterior of the nanotube surface because if they were located inside the tube, we would expect **RGDS-NT** and **bare-NT** to behave similarly given the identical morphology of the tubes.

![Fibroblast adhesion and spreading on DNA nanotube surfaces. Fibroblast cells were seeded on glass slides coated with APTES (a), or APTES slides coated with the unmodified DNA nanotubes (b), or the RGDS-modified nanotubes (c). Following a 3 h incubation, the cell area was determined using image analysis. (d) Graph of cell area, demonstrating the significantly larger size of the fibroblasts cultured on the RGDS-NT coated surfaces. Scale bars: 100 μm. (*n* = 3, \*\* *p* \< 0.01).](nl-2014-04079q_0004){#fig3}

In order to characterize the DNA coatings on the APTES-modified glass, we generated fluorescent nanotubes by incorporating strand s3 with a 3′ fluorescein dye, as previously reported.^[@ref31]^ We generated fluorescent versions of **bare-NT** and **RGDS-NT** and adsorbed them on APTES-modified surfaces according to the same procedure as for the nonfluorescent systems. Following rinsing, we imaged the surfaces using confocal microscopy to visualize the surface morphology that the cells would be exposed to upon plating. As can be seen in Figure [4](#fig4){ref-type="fig"}a,b (and [Supporting Information](#notes-1){ref-type="notes"} Figure S5a,b), both **bare-NT** and **RGDS-NT** show a dense, tangled network of fluorescent fiber-like material on the surface. At this resolution, it is impossible to determine the fine structure of these networks, but their fibrous nature suggests the presence of bundled, one-dimensional structures on the surface. This morphology parallels the dense network of fibers sometimes seen by conventional TEM (Figure [4](#fig4){ref-type="fig"}d). Furthermore, the thickness of the DNA coating was measured to be ∼1 μm (from the confocal vertical stack), indicating that it consists of many layers of entangled nanotubes.

![Morphology of DNA nanotube surfaces. Fluorescent DNA samples for the **bare-NT** (a), **RGDS-NT** (b), or **RGDS-control** (c) systems were coated on APTES-modified slides and imaged using confocal microscopy. The systems that formed nanotubes (a and b) showed a dense coating of fibrous material on the surface, whereas the **RGDS-control** (c, which cannot form tubes) showed amorphous aggregates on the surface. (d) Conventional TEM images of the **RGDS-NT** system often show dense mats of fibers, similar to what is seen with the fluorescent images. The **bare-NT** sample looks indistinguishable from the **RGDS-NT** sample by TEM (see [Supporting Information](#notes-1){ref-type="notes"}). Insets show a magnified picture of the area in the dotted box.](nl-2014-04079q_0005){#fig4}

One of the advantages of DNA-based scaffolds, as mentioned above, is that the nanostructure can be controlled independently of the biological functionality. To demonstrate this property, we constructed a "structural control" system where we included s1a-RGDS, s1b, and s2--4 but omitted strand s5 from the annealing mixture ([Supporting Information](#notes-1){ref-type="notes"} Figure S6a). This system (which we term **RGDS-control**) prevented the formation of tiles and did not yield any nanotubes by TEM, though occasionally aggregated structures were observed ([Supporting Information](#notes-1){ref-type="notes"} Figure S6b,c). We highlight that **RGDS-control** has an equal concentration of RGDS epitope and an almost equal amount of total DNA compared with **RGDS-NT** system but lacks well-defined nanostructures. Indeed, coating fluorescently labeled **RGDS-control** on the APTES-modified glass surface yielded a dramatically different morphology compared with **RGDS-NT** or **bare-NT** with globular and uneven DNA aggregates visible on the surface (Figure [4](#fig4){ref-type="fig"}c and [Supporting Information](#notes-1){ref-type="notes"} Figure S5c), similar to the aggregated structures occasionally seen by TEM.

Having demonstrated that we can incorporate bioactive peptides into these DNA-based nanotubes and that we can control the nanoscale morphologies obtained, we examined whether these functional nanostructures could be used as substrates to promote the survival and differentiation of neural stem cells (NSCs) into neurons. The development of biomaterials for the selective differentiation of stem cells in order to replace cells lost to injury or disease is a challenging task. One particularly attractive target is neural stem cells, as they self-renew and are committed to the neural lineage, effectively differentiating into neurons, astrocytes, and oligodendrocytes. This target is of great interest in regenerative medicine because new neurons are needed for therapies of neurodegenerative diseases such as Parksinson's and Alzheimer's, therapies for traumatic brain injury, and radiation-induced damage of neurons, prevalent especially in pediatric patients of brain tumors. In many injury models, NSCs that are generally quiescent are activated and differentiate into glial scar-forming astrocytes that can inhibit recovery,^[@ref37],[@ref38]^ and thus suppression of astrogliosis has been a thoroughly investigated strategy for biomaterials-based treatments for spinal cord injury.^[@ref39],[@ref40]^ In addition, NSCs, which have been shown to provide trophic factors favorable to neural recovery, can serve as an expandable cell population for implantation into the injured or diseased nervous system.^[@ref41]^ Biomaterials that can maintain stem cell state or bias NSCs differentiation toward neurons and away from astrocytes can thus serve as promising scaffolds for cell injection and therapy.

The RGDS epitope displayed on the DNA nanotubes is a ligand for β1-integrin, a laminin receptor highly expressed on NSCs that regulates their adhesion, survival, and proliferation in response to cues from the ECM.^[@ref42]−[@ref44]^ It was recently suggested that higher levels of β1-integrin in NSCs correlate with increased self-renewal capacity, and that β1-integrin signaling may play a role in limiting the generation of astrocytes from NSCs in vitro.^[@ref45],[@ref46]^ Furthermore, our previous work found that peptide amphiphile nanofibers bearing the IKVAV epitope derived from laminin, an ECM protein found in the nervous system and a ligand for β1-integrin, were extremely potent for the selective differentiation of NSCs into neurons, with a concomitant suppression of astrocyte development.^[@ref24]^ We therefore tested the RGDS-modified nanotubes for their ability to promote NSC adhesion, suppress their differentiation into astrocytes, and enhance their differentiation into neurons.

We isolated NSCs from the subventricular zone (SVZ) of postnatal day 1 mice and plated them in differentiation media on the different DNA or DNA-peptide coatings. After allowing the cells to adhere for 2 h, we removed unbound NSCs and cultured the remaining cells for 7 days on the surfaces. Following this time period, the cells were fixed and expression of MAP2 (to visualize neurons) or GFAP (to visualize astrocytes) was quantified using immunocytochemistry. We point out that in these experiments, the final cell mixture is usually heterogeneous, and aside from neurons and astrocytes there is a fraction of undifferentiated cells and other cell types not distinguished by the antibodies used.

NSCs have a strong tendency to aggregate with one another in culture unless they encounter a highly favorable substrate, so we first investigated whether our surfaces coated with DNA nanotubes provided a good environment for the cells to adhere. The uncoated **APTES-glass** surfaces proved to be a good substrate for NSC adhesion with cells well-distributed and bound to the surface and minimal cell clumping (Figure [5](#fig5){ref-type="fig"}a and [Supporting Information](#notes-1){ref-type="notes"} Figure S8a), indicating a preference of the cells for the substrate rather than one another. By contrast, NSCs plated on **bare-NT** coated slides showed very poor adhesion with the majority of cells clumping together into ill-defined aggregates indicative of cells adhering to one another rather than to the substrate (Figure [5](#fig5){ref-type="fig"}b and [Supporting Information](#notes-1){ref-type="notes"} Figures S9a, S10). In great contrast, surfaces covered with **RGDS-NT** provided a good substrate for NSC adhesion with well-distributed cells and minimal clumping (Figure 5c [Supporting Information](#notes-1){ref-type="notes"} Figure S8b). To confirm that this outcome was not due to a nonspecific effect of the peptide, we plated the NSCs on DNA nanotubes modified with the nonbioactive mutated control peptide RGES.^[@ref47]^ The synthesis and purification of the s1a-RGES conjugate, and the nanotube formation (**RGES-NT**) were identical to that of the **RGDS-NT** system (see [Supporting Information](#notes-1){ref-type="notes"}). Unlike the **RGDS-NT** system, however, the **RGES-NT** surfaces were very poor substrates, and did not support NSC adhesion or differentiation. The cells either clumped together in similar fashion to those on the **bare-NT** surfaces or failed to show differentiation into any of the lineages tested ([Supporting Information](#notes-1){ref-type="notes"} Figure S9b). Also, the **RGDS-control** system, which contains an equal amount of peptide as **RGDS-NT** but lacks tubelike architecture, supported cell adhesion as well (Figure [5](#fig5){ref-type="fig"}d), suggesting that the aggregated DNA coatings shown in Figure [4](#fig4){ref-type="fig"}c do present enough RGDS signal to help cells attach to the surface. These results suggest that the RGDS epitope is indeed responsible for NSC adhesion to the surfaces.

![Differentiation of neural stem cells on DNA nanotube substrates. (a--d) Confocal microscopy images of NSCs after 7 days of culture on the surfaces indicated. MAP2 (green) indicates neurons, GFAP (red) indicates astrocytes, and DAPI (blue) stains the nuclei. (e) Quantification of the fraction of cells that differentiate into a given lineage (*n* = 3, \* *p* \< 0.05, \*\* *p* \< 0.01). Scale bars: 100 μm.](nl-2014-04079q_0006){#fig5}

Next, we examined whether the various substrates had a different effect on NSC differentiation. For this purpose, we quantified the relative fractions of neurons and astrocytes in the three systems that showed good cell adhesion: **APTES-glass**, **RGDS-NT**, and **RGDS-control**. In order to investigate the effect of the substrates on NSC differentiation, we only considered cells that were well-dispersed on the surface. Several reports have controlled the relative cell--cell communication and shown its effect on stem cell fate,^[@ref48]−[@ref50]^ but this potentially confounding variable was beyond the scope of this study. The **bare-NT** and **RGES-NT** samples showed cells almost exclusively in aggregates, so we did not quantify the relative fractions of neurons and astrocytes for these surfaces. As can be seen in Figure [5](#fig5){ref-type="fig"}a, a large fraction of NSCs cultured on **APTES-glass** differentiated into astrocytes that often had a well-spread type 1 morphology, similar to activated astrocytes following injury.^[@ref51]−[@ref53]^ These results were in line with previous observations that stiff substrates like glass tend to bias NSC differentiation toward astrocytes.^[@ref54],[@ref55]^ Interestingly, we found that the **RGDS-NT** substrate appeared to yield a higher percentage of neurons than **APTES-glass**, and the astrocytes generated tend to have a more type 2 morphology (less proliferative and bearing long processes).^[@ref52],[@ref53]^ Indeed, cell type quantification (Figure [5](#fig5){ref-type="fig"}e) revealed a 2.5-fold increase in the fraction of neurons on the **RGDS-NT** sample compared with **APTES-glass** (50.0 ± 12.0% versus 19.7 ± 2.9%) and a very significant reduction in the fraction of astrocytes (21.3 ± 4.7% versus 53.7 ± 3.5%). The **RGDS-control** sample, lacking nanotube architecture, yielded a similar decrease in the astrocyte fraction (25.7 ± 2.4% versus 53.7 ± 3.5%) relative to the **APTES-glass**, but effectively no change in the fraction of neurons developed (20.7 ± 3.8% versus 19.7 ± 2.9%), suggesting that both the epitope and the nanoscale morphology might be playing distinct roles in the differentiation process.

Our results support the role of the RGDS epitope in suppressing NSC differentiation into astrocytes, as both **RGDS-NT** and **RGDS-control** have a significantly lower proportion of astrocytes compared with **APTES-glass**. However, the fact that **RGDS-NT** yielded a much higher fraction of neurons compared with the **RGDS-control** systems suggests that the nanotube morphology is playing a distinct role in promoting neurogenesis. The RGDS activates β1-integrin, which is known to promote maintenance of a stem-like state,^[@ref44],[@ref45]^ so it is possible that in the **RGDS-control** system a larger fraction of cells remain undifferentiated, whereas the tube morphology in **RGDS-NT** induces differentiation to neurons. To investigate this possibility, we carried out a set of experiments to determine the fraction of cells that express nestin (a neural stem cell marker) in each of the three systems. Indeed, we found a trend toward increased nestin expression in **RGDS-control** compared with **RGDS-NT** or **APTES-glass** ([Supporting Information](#notes-1){ref-type="notes"} Figure S11).

We hypothesized that more than one factor might be responsible for the large increase in neural differentiation on **RGDS-NT** substrates relative to **RGDS-control**. The nanotube morphology itself may be directly responsible for the selective differentiation of the NSCs to neurons, with cells sensing the underlying morphology at the nanometer scale. A number of reports have showed the ability of the substrate to bias differentiation of neural stem cells into neurons. For example, culturing NSCs on aligned micropatterned substrates resulted in nearly twice as many neurons as astrocytes.^[@ref56]^ In addition, culturing NSCs on electrospun fibers resulted in greater neuronal differentiation when the fibers had a ∼700 nm diameter.^[@ref57]^ These examples, however, use components with feature sizes much larger than the DNA-peptide nanotubes, and although NSCs have been shown to adhere and differentiate on carbon nanotube coatings (which have diameters closer to the **RGDS-NT** system),^[@ref58]^ no selective effect of the substrate was probed. The mechanical properties of the underlying DNA substrates could also contribute to the difference in cell fate, as stiffness has been shown to play a central role in NSC differentiation, with softer substrates greatly promoting neural differentiation and suppressing astrogliosis.^[@ref54],[@ref55]^ The thick layer of intertwined nanotubes in **RGDS-NT** may present a softer substrate to the NSCs, thus biasing them more toward neurons.

One final factor that could result in the difference between the **RGDS-NT** and **RGDS-control** systems is the distance between peptide epitopes. A number of studies have shown that the nanoscale spacing and relative disorder of RGD ligands play critical roles in mesenchymal stem cell adhesion and differentiation.^[@ref59]−[@ref62]^ The **RGDS-NTs** display the peptide with a regular spacing of 14 nm in one direction, and 4 nm in the other (Figure [1](#fig1){ref-type="fig"}), which is well below the 70 nm threshold for effective integrin signaling. The **RGDS-ctrl** samples, on the other hand, likely display the RGDS signal in a much less predictable or repetitive manner, especially given the heterogeneous nature of the aggregates seen in Figure [4](#fig4){ref-type="fig"}c. It should be noted that previous studies have focused on mesenchymal stem cells, so it is unclear if this trend translates to the NSCs investigated here, but this subject is an interesting area for future work.

We have demonstrated the use of a co-assembled bioactive DNA/peptide-DNA supramolecular nanostructure that promotes biological adhesion and subsequent differentiation of neural stem cells into neurons and not astrocytes. This system revealed that both the nanotube architecture and the epitope were critical to achieve this dramatic selectivity. In addition to this architectural control, future possibilities with these hybrid systems may include the spatial^[@ref12],[@ref63],[@ref64]^ and dynamic^[@ref65]^ control of multiple signal display. The integration of peptides in DNA nanotechnology thus offers many exciting opportunities to expand the field of regenerative medicine.

Synthesis, purification, and characterization details for all peptides and peptide-DNA conjugates, details of cell culture, imaging, and quantification, additional TEM images (both cryogenic and conventional) of all systems described, additional fluorescent surface characterization images, additional neuron and astrocyte images, and nestin staining results. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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